
Pumpable slurry  Compatible with the materials of construction of the equipment.
No chemical or thermal reactions that over pressurize the equipment during or after filling.  Homogeneous material.
The FTF Performance Assessment (PA) does not speak to the equipment or the equipment fill grout. a Consequently, parameters for the equipment fill grout are not required to satisfy the PA process. However, a series of experimental test protocols for evaluating and comparing the trial mixes were developed for the equipment fill grouts. These protocols provided physical and hydraulic property data to evaluate the trial mixes.
Per the TTR, the SRR cooling coil grout was selected as the base case mix. This grout is a mixture of Masterflow ® 816 cable grout, Grade 100 slag and water [5] . Two problems were encountered with the cooling coil mix: 1) high temperatures generated as the result of exothermic hydration reactions b and 2) flow behavior that was more suited for pressure grouting than for gravity filling. (Some of the a The mesh size and discretization approach applied to the tanks in the finite volume PorFlow® code does not distinguish between bulk fill, equipment, and equipment fill grout. All of these materials are assigned bulk fill grout properties.
b Evidence of high temperatures was documented in the report describing the cooling coil grout (steam vents in grout cast into 55 gallon drums) and recommendations were provided for dissipating the heat, i.e. fill the cooling coils prior to filling tanks. In this study temperatures > 100ºC were measured under adiabatic and semi adiabatic conditions. The equipment geometry and volumes dissipates less heat than cooling coils in an empty tank. equipment abandoned in the tanks has the same pathway for filling and venting and therefore gravity filling is the only option.)
The cooling coil grout was modified to reduce the amount of heat generated and to increase the flowability (reduce the ASTM C 939 flow cone time from 30+ seconds to < 20 seconds). Class F fly ash was substituted for up to 75 wt. % of the MasterFlow ® 816 cable grout in the base case formulation. The water to cementitious ratio was also increased. Trial mix designs and properties are provided in this report.
Two mixes are recommended for the ADMP Tier 1A equipment fill mock up test. The ingredients and proportions are provided below. Both mixes have properties that exceed the minimum strength and permeability set for the Tank 18-F and 19-F bulk fill grout [11] . T1a-62.5FA had a 16 seconds flow cone value whereas T1a-75FA had a 19 seconds flow cone rheology for mixes prepared under identical conditions in the laboratory. The advantage of the T1a-75FA mix is that it generates less heat during curing. The advantage of the T1a-62.5FA mix is that it is slightly more fluid with the same water.
At this time, the ease of filling the ADMP is weighted higher than curing temperature which can be managed by engineering controls. Consequently, T1a-62.5FA is the preferred grout formulation even if both mixes fill the ADMP equipment mock up form. Both grout mixes will be pumpable.
Colloidal mixing is recommended for the ADMP Tier 1A equipment fill mock up test and for full scale equipment filling. The amount of mechanical energy imparted to the grout during mixing had an effect on the slurry rheology. Samples prepared by paddle mixing and a short period (~30 seconds) of high-shear mixing produced slurries with faster ASTM flow cone results than slurries produced by just paddle mixing. 
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INTRODUCTION
The United States Department of Energy (US DOE) intends to remove Tanks 18-F and 19-F at the Savannah River Site (SRS) from service. The high-level waste (HLW) tanks have been isolated from the F-area Tank Farm (FTF) facilities and will be filled with cementitious grout for the purpose of: 1) physically stabilizing the empty volumes in the tanks, 2) limiting / eliminating vertical pathways from the surface to residual waste on the bottom of the tanks, 3) providing an intruder barrier, and 4) providing an alkaline, chemical reducing environment within the closure boundary to limit solubility of residual radionuclides [1] .
Bulk waste and heel waste removal equipment will remain in Tanks 18-F and 19-F when the tanks are closed. This equipment includes: mixer pumps, transfer pumps, transfer jets, equipment support masts, sampling masts and dip tube assemblies. The current Tank 18-F and 19-F closure strategy is to grout the internal void spaces in this equipment to eliminate fast vertical pathways and slow water infiltration to the residual material on the tank floor [2] .
This report documents the results of laboratory testing performed to identify a grout formulation for filling the abandoned equipment in Tanks 18-F and 19-F.
Objective
The objective of this work was to formulate a flowable grout for filling internal voids of equipment that will remain in Tanks 18-F and 19-F during the final closures. This work was requested by V. A. Chander, Tank Farm Closure Engineering, in HLW-TTR-2011-008 [3] . The scope for this task is provided in the Task Technical and Quality Assurance Plan (TTQAP), SRNL-RP-2011-00587 [4] .
The specific objectives of this task were to:
 Prepare and evaluate the SRR cooling coil grout identified in WSRC-STI-2008-00298 [5] per the TTR for this work [3] . The cooling coil grout is a mixture of BASF MasterFlow ® 816 cable grout (67.67 wt. %), Grade 100 ground granulated blast furnace slag (7.52 wt. %) and water (24.81 wt. %).
 Identify equipment grout placement and performance properties.
 Design up to 2 additional grout systems for filling the Tank 18-F and Tank 19-F equipment.
 Prepare samples of candidate grouts and measure fresh properties, thermal properties and cured properties.
 Recommend a grout for the Tier 1A equipment fill mock up  ADMP 4 foot high mock up  1 inch and 2 inch pipes  Support procurement of materials for the Tier 1A equipment fill mock up test.
 Prepare samples of the recommended grout for hydraulic property measurements which can be used for comparison to values used in the F-Tank Farm Performance Assessment (PA).
 Document equipment fill grout data and recommendations in a report.
Background
The F- Tank The closure concept for Tank 18-F and 19-F is to fill the waste tanks with one grout formulation, a structural flowable fill which is chemically reducing and serves as an intruder barrier after closure, i.e., an All-In-One mix design [1] .
Figure 1-1. General Layout of the SRS FTF.
Several large pieces of vertically positioned equipment used to remove bulk waste and heel material from Tanks 18-F and 19-F will be entombed during the tank closure process [1] . The equipment is supported in the tank riser and by structural steel above the riser. Void space within the equipment will be filled with grout to the extent practical as the tanks are filled will a structural fill grout. Lists of equipment that will be filled with grout are provided in Tables 1-1 and 1-2.
The Advanced Design Mixer Pump (ADMP) is the largest pump and has the greatest internal void volume. The ADMP is unique in that the configuration provides a single flow path for filling and venting a multiple chamber, 55 feet length support column. Openings in the plates separating the chambers have small diameters (1 inch, minimum). The configurations and estimated grout volumes for filling ancillary equipment are summarized elsewhere [6] 17-F
20-F
18-F 
19-F
Previous SRS Experience with Equipment and Pipe Grouting
SRS has limited experience with equipment and pipe filling. In 2010, two reactor vessels were filled with specially designed grouts. One of the reactor vessels contained 432 universal sleeve housings and several other obstructions which greatly restricted grout flow. A special flowable, self-leveling, zero bleed grout was designed by SRNL personnel and placed by a Gibson's Pressure Grouting Service, Inc., Smyrna GA. This material was pumped to the top of the reactor vessel and discharged into the vented reactor vessel [8] .
In 2008, research was conducted to develop a grout formulation and placement strategy for filling cooling coils in HLW tanks. This research was performed in 2 phases. The first phase focused on identifying and testing mix formulations (mix designs) with performance properties suitable for filling the cooling coil piping system. The second phase consisted of selecting a mix from phase 1 testing to demonstrate scale up mixing and grout placement in cooling coil configurations representative of the minimum boundary conditions in SRS HLW tanks.
The mix design that met the processing and performance requirements for filling cooling coils (2 inch schedule 40 piping) and selected for full scale cooling coil grout fill demonstrations is provided in Table 1 -3. The composition of the dry components of the recommended grout (by mass) was 10% grade 100 blast furnace slag and 90% Masterflow ® 816 cable grout. The premix of powders was blended into water at a water to premix mass ratio of 0.33. The resulting mix provided a fill that was pumpable, had good workability, no bleed or segregation, low shrinkage, good strength, low saturated hydraulic conductivity and met the heat limit provided the recommendations for heat dissipation during full scale implementation were followed. The details covering the Phase 1 grout formulation development are documented in a report [9] . The full scale cooling coil grout mixing consisted of batching grout in a commercial grout plant and filling vertical and horizontal cooling coil configurations [5] . A skid mounted ChemGrout™ GC500-DH grout mixer/pumping unit with two 70 gallon mixing tanks, a 15 gallon holding hopper and an open throat progressive cavity pump was used in the test. See Figure 1 -2(a) . Each 70 gallon mixing tank had a variable speed agitator driven by hydraulic fluid that turned a paddle with 2 blades. See Figure 1-2(b) . A water tank, not shown, was also part of the set up and used for metering a specified volume of water into each mixing tank. The ChemGrout™ mixer in Figure 1 -2 is currently owned by SRR Tank Closure Operations and was initially considered for preparing the Tank 18-F and 19-F equipment fill grout.
(a) (b) 
EQUIPMENT GROUT REQUIREMENTS
The requirement for filling abandoned equipment is that the equipment should be filled to the extent practical [1, 2, 3] . The general performance and material requirements for the equipment fill grout material are listed below [2, 3] :
 The grout must be alkaline and chemically reducing, i.e., contain slag. The basis for this requirement is that the cooling coil grout that was selected as the base case contained slag and a Portland cement-based binder.  Flowable enough to fill equipment voids  Form a solid material upon curing  Resist water infiltration, i.e., minimize arduous vertical pathways to minimize the amount of infiltrating water that can contact residual waste at the bottom of the tank.
General grout material requirements (not specified in the TTR and closure module) include:  Pumpable slurry  Compatible with the materials of construction of the equipment.  Does not result in reactions that over pressurize the equipment during or after filling.  Homogeneous material.
The FTF PA does not speak to the equipment or the equipment fill grout in the discretization of the model. Consequently no equipment fill grout parameters are required to satisfy the PA process. However, a series of experimental test protocols for evaluating and comparing the trial mixes were developed for the equipment fill grouts. These protocols provide physical and hydraulic property data to evaluate the trial mixes.
Equipment Grout Test Methods and Screening Criteria
A list of test methods used to characterize the equipment grout slurries are provided in 
EXPERIMENTAL METHODOLOGY
Ingredients
Grouts tested in this study were prepared with materials obtained from local suppliers that are distributed nationwide. The Masterflow ® 816 cable grout was manufactured by BASF Masterbuilders, Inc. and obtained through WhiteCap Construction Supply, Martinez, GA. The Grade 100 blast furnace slag cement was manufactured by Holcim, Inc., Birmingham, AL. The Class F fly ash, which met ASTM C618 standards, was generated at the Wateree Power Plant and supplied by SEFA, Inc. Water in N-area was used to prepare the grout mixes. The ingredients used for preparing samples are summarized in Table 3 
800-241-4943 Process water SRS domestic water
Sample Preparation and Test Methods
Sample preparation and testing was performed in the SRS Civil Engineering Test Laboratory which is operated by URS, Quality and Testing Division. The laboratory is located in N-Area. Samples were prepared according to ASTM C192 and cured in a constant temperature (73°F ±2°F) curing room at 100 % relative humidity. The order of addition of ingredients for mixing was water and then solids. Dry solids were a powdered blend of the Masterflow ® 816 cable grout, slag cement and Class F fly ash, where applicable, to serve as an inert filler. The mixing time using the Hobart mixer was typically 5 minutes after all the dry ingredients were added. For the mixes that were paddle mixed and sheared, the powders were first hydrated in the paddle mixer and then sheared through the bench top laboratory mixer for 30 seconds. A stopwatch was used to assist in controlling mixing times.
The grout fluidity was determined using an ASTM flow cone and stopwatch (Method ASTM C939). The time for 1725 ml of water to pass through an ASTM flow cone with ½" diameter discharge is 8.0 ± 0.1 seconds. Prior to the test, water was run through the flow cone to verify the discharge rate and then the cone was allowed to drain for 1 minute before testing the grout. The discharge tube was blocked with a finger and grout put into the cone until it filled to the tip of a pointer (See Figure 3-2a) . Simultaneously, a stopwatch was started and the finger removed. Time was stopped at the first break in continuous flow from the discharge tube.
The static spread test was performed using 3" x 6" plastic cylinders which were open at both ends. These containers were placed on a 24 inch spread board and filled with grout. The cylinders were lifted (pulled) at select time intervals and the grout spread was measured in two directions and averaged (SRNL modified ASTM D6103). Cylinders were covered and weighted while waiting to be pulled. See Bleed water was determined by pouring a grout sample in a cylinder, capping the cylinder and waiting 24 hours before measuring the bleed volume inside the capped cylinder (Method ASTM C232/C232M). The grout was also checked to verify it set when checking for bleed in the cylinder.
Grout set time for selected mixes was determined by the ultrasonic pulse velocity (UPV) method or approximated using adiabatic calorimeter data. Air content was checked using the apparatus in Figure  3 -3a (Method ASTM C231/C231M). The pot portion was also used as the unit volume container for determining unit weights.
Three by six inch cylinders were cast for compressive strength measurements as a function of curing times (7 and 28 days) . Two by four inch cylinders were cast for hydraulic conductivity measurements at the URS Civil laboratory (ASTM D5084 Method C). All samples cast were cured in a controlled environment. The compression tester and a permeability cell are shown in Figure 3 -3 (b) and (c), respectively.
(a) (b) (c)
Figure 3-3. Examples of (a) ASTM C231/C231M apparatus for determining air content, (b) compression tester for determining strength, and (c) hydraulic conductivity test apparatus and sample cell.
Adiabatic calorimetry was used to measure heats of hydration and adiabatic temperature increases for the different grout compositions by the SRNL Engineering Development Laboratory (EDL). The set up consisted of a well-insulated calorimeter fitted with a stirrer and thermocouples (See Figure 3-4) . The protocol followed is documented in a previous report [12] . 
RESULTS
Results for flowable equipment fill concepts containing MasterFlow ® 816 cable grout, blast furnace slag and fly ash are provided in this report. Mix development and testing was carried out in three (3) phases.
 Phase 1 consisted of preparing the SRR cooling coil grout formulation specified in WSRC-STI-2008-00298 and evaluating whether the cementitious material is suitable for filling ancillary equipment in the Tank 18-F and 19-F closure boundaries.  Phase 2 consisted of formulating up to 2 additional mix designs for filling ancillary equipment using Masterflow ® 816 cable grout and slag as components in the grout formulation and based on the results of Phase 1 testing  Phase 3 focused on water extended grout formulations, if necessary, and was based on the results of phase 1 and phase 2 testing.
An initial series of fly ash only slurries was prepared to provide SRR engineering with three nonreactive slurry formulations to support the SRR mock up testing. These mixes are not reported in this document.
Phase 1: Cooling Coil Grout Base Case
Per the TTR, the cooling coil grout formulation was selected as the base case. This grout was a mixture of Masterflow ® 816 cable grout (67.67 wt. %), Grade 100 slag (7.52 wt. %) and water (24.81 wt. %). Mix proportions for the base case (Mix 13) along with fresh and cured properties are provided in Table  4 The amount of mechanical energy imparted to the base case slurry (water to cementitious material = 0.33) also impacted the slurry rheology. An 8000 g batch of the base case cooling coil grout (Mix 15) was prepared in the Hobart mixer and mixed for 5 minutes. The flow cone rheology was 56 seconds. Mixing an additional 5 minutes (total of 10 minutes) in the Hobart planetary mixer produced a slurry with a rheology of 49 seconds (Mix 15). Remixing this slurry in a colloidal mixer for 30 seconds produced a slurry with an 18 second flow cone rheology (Mix 15 w/colloidal mixing). Results are provided in Table 4-1. Based on these results, subsequent mixes were prepared with a combination of paddle mixing to wet the solids and a short period of colloidal/shear mixing.
The base case cooling coil mix contains a large amount of reactive material as indicated by the high 7 day strengths (5530 psi) and the observation that steam vents formed on the surface of this grout cast into a 55 gallon drum filled as part of the full-scale demonstration performed by SRNL [5] .
Consequently, adiabatic calorimetery was one of the first measurements made on the base case cooling coil mix (Mix 13). The calorimeter temperatures versus time are provided in Figure 4 -2. The base case cooling coil grout formulation exceeded 100°C for starting materials at 20.4°C. The grout temperature rapidly increased after an induction period of about 5 hours before peaking at 104.1°C. (Under sealed conditions, where steam is not able to escape, the maximum temperature would have been higher.)
The specific heat and thermal conductivity for the cooling coil grout formulation were also determined and are 1428 J/kg-K and 0.80 W/m-K, respectively. The compressive strength after 7 days of curing was measured at 5530 psi. The samples did not bleed or segregate. 
Phase 2: Fly Ash Modified Cooling Coil Mixes
The heat of reaction measured for the SRR cooling coil grout, which was the base case mix for filling ancillary equipment, was deemed to high (> 100°C) for Tanks 18-F and 19-F. Consequently, the base case required modification for the equipment fill application. The modification consisted of dilution with a readily available relatively inert material, Class F fly ash.
25 and 50 Weight Percent Fly Ash Substitution: Class F fly ash was substituted for ½ and ¼ of the Masterflow ® 816 cable grout (Mixes 16 and 17 in Table 4 -2). The amount of slag added to the cable grout and fly ash blend was 10% the weight of Masterflow ® 816 plus fly ash. The water to solid ratio was held at 0.33 (same as the cooling coil grout). Mixes 16 and 17 had compressive strengths > 4000 psi after 7 days and > 9000 psi after 28 days. The saturated hydraulic conductivity of Mix 17 was 1.6E-09 cm/s after 28 day curing.
The adiabatic calorimeter results for Mix 23H (same as Mix 16) are plotted in Figure 4 -3. The maximum temperature measured in the calorimeter was ~98°C for an initial starting temperature of 24.1°C, and the estimated adiabatic temperature rise was 90°C. Again, the grout temperature rapidly increased after an induction period of about 6 hours.
The strengths for Mix 21 (same as Mix 16) after curing 7 days and 28 days were 3800 psi and 7163 psi, respectively and the saturated hydraulic conductivity at 20°C was 2.1E-09 cm/s. The flow cone values for Mix 21 were 17 seconds after mixing and 26 seconds after 15 minutes under static conditions. The spread per modified ASTM D6103 after a 30 minute static period was 17.75 inch. There was no bleed for this formulation.
Mixes containing higher fly ash substitutions (62.5 and 75 wt. %) were evaluated because of the high temperature measured for the 50 wt. % substituted mix. Mix proportions for these cases along with fresh and cured properties are provided in Table 4 -2. Adiabatic calorimeter results for Mix 24H (same as Mix 24) are plotted in Figure 4 -4. This mix had an initial slurry temperature of 23.2°C. The induction period was about 6 hours after which the temperature rapidly increasing over 20 hours. After 30 hours the temperature rise leveled off. The calorimeter run was continued for 4 more days and peaked at 82°C before the test was terminated. The calculated adiabatic temperature rise was calculated to be 68.5°C as described elsewhere [12] . Figure 4 -5. This mix had an initial slurry temperature of 25°C. The induction period was about 7 hours before the temperature rapidly increased over the next 26 hours. After 35 hours, the temperature rise slowed significantly. The calorimeter run was about 7.5 days, and the temperature peaked at 72.4°C. The calculated adiabatic temperature rise was 60.1°C. The calculation is described elsewhere [12] . Mix T1a-62.5FA-0.400 had an ASTM C939 flow cone value of 16 seconds and a 28 day compressive strength of 3085 psi. The additional water in Mix T1a-62.5FA-0.425 resulted in lower flow cone value of 14 seconds and a lower strength, 2265 psi after curing for 28 days. Both mixes had extended working times as evident by the ASTM D6103 spreads recorded after the 90 minute static period. Mix T1a-62.5FA-0.400 did not bleed. However, Mix T1a-62.5FA-0.425 did segregate as indicated by the presence of bleed water. The saturated hydraulic conductivity for Mix T1a-62.5FA-0.400, measured per ASTM D5084 Method C, was 1.5E-09 cm/s. Mix T1a-75FA-1C-0.400 contained 75 wt. % Class F fly ash substituted for the Masterflow ® 816.
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The ASTM C939 flow after colloidal mixing was 19 seconds. The ASTM D6103 spread was 15.5 inch after mixing. This mix also had extended working time as illustrated by the static ASTM D6103 results listed in Table 4 -2. The spread after a 2 hour static period was 7.6 inches. The air content was 2.1 volume %. The compressive strengths after 7 days and 28 days of curing were 850 psi and 2175 psi, respectively. The measured saturated hydraulic conductivity per ASTM D5084 Method C was 2.0E-09 cm/s. This mix did not bleed.
Additional Thermal Properties for Equipment Fill Grout Screening Mixes
Specific heat and thermal conductivity were also determined as part of the thermal property characterization. Results are listed in Table 4 -3. 
CONCLUSIONS
 Filling Tank 18-F and 19-F ancillary equipment will require a relatively fluid (low viscosity) slurry with extended working times (static and dynamic) and low heat of hydration based on the geometry of the ADMP and other equipment abandoned in the tanks.
 The SRR cooling coil grout, which was selected as the base case mix for filling ancillary equipment, generated too much heat for the equipment fill application, i.e., filling the ADMP which requires about 3 cubic yards of material. It may be too viscous for gravity filling long pipes and other ancillary equipment.
 The mixing method was shown to influence the grout rheology. Laboratory samples prepared by a combination of paddle mixing and high-shear mixing produced more fluid grouts than paddle mixing alone. Colloidal mixers or a combination of paddle and high shear mixers are routinely used for mixing powder-only slurries because shear is required to disperse the fine particles in the fluid.
 Class F fly ash was substituted for up to 75 wt. % of the Masterflow ® 816 in the cooling coil grout and the amount of water was increased from water to cementitious ratios of 0.33 to 0.425. Several trial mixes were characterized.
 Two, fly ash adjusted formulations are recommended for the Tier 1A equipment fill mock up test.
Both mixes have properties that exceed the minimum strength and permeability set for the Tank 18-F and 19-F bulk fill grout.  The advantage of the T1a-75FA mix is that it generates less heat during curing. The advantage of the T1a-62.5FA mix is that it is slightly more fluid with the same water to cementitious. Both mixes have lower heat of reactions than the SRR cooling coil grout and will be pumpable.
 At this time, the ease of filling the ADMP is weighted higher than curing temperature which can be managed by engineering controls, i.e., cooling the mix. Consequently, T1a-62.5 is the preferred formulation even if both mixes fill the equipment mock up form.
 All the equipment fill grouts prepared in this study had strengths and saturated hydraulic conductivities that met or exceeded the strength and saturated hydraulic conductivity requirement for the bulk fill [11] .
RECOMMENDATIONS
Mix T1a-62.5FA and Mix T1A-75FA with water to cementitious materials ratios of 0.400 are recommended for the ADMP Tier 1A mock up test. At this time, Mix T1a-62.5FA is the preferred mix because it has a lower ASTM flow cone value. (It is assumed that heat dissipation will be managed by engineering controls if it is determined to be a problem under field conditions.)
Colloidal mixing is the industry standard for mixing powder only slurries. Consequently, a colloidal mixer should be used to prepare grout slurries for the ADMP Tier 1A mock up test. The preferred mixing method is to wet the solids in a paddle mixer and pass the resulting slurry through a colloidal mixer. Once sheared, the slurry can be transferred to a recirculating hold tank and / or pumped to the point of placement.
SUGGESTED FUTURE WORK
Reformulate T1a-62.5FA with more water and substitute very fine aggregate to determine if viscosity improvements can be made.
